Abstract: Salt tolerance of plants during the first phase of salt stress requires a combination of physiological traits conferring tolerance to both osmotic stress and ionic stress. Accordingly, the objectives of the present study were: (a) to screen a substantial number of varieties (102) from the Sri Lankan rice (Oryza sativa) germplasm and thereby identify varieties with osmotic and ionic tolerance during Phase I of salt stress development; and (b) to identify the physiological mechanisms that are responsible for osmotic and ionic tolerance. The 102 varieties tested included 51 traditional, 4 old-improved and 47 new-improved varieties, which were screened in nutrient solutions at 100 mM NaCl. Whole plant salt tolerance was quantified using relative leaf area (RL) and relative total dry weight (RW), i.e. leaf area and total dry weight at 100 mM Na +
INTRODUCTION
Soil salinity, defined as the presence of excess salts in the soil solution in agricultural lands, is one of the major constraints to increase crop productivity throughout the world (Christiansen, 1982) . Salinity is gradually spreading in the rice lands of Sri Lanka as well, both in the coastal regions and inlands (Sirisena & Herath, 2009) . Spread of salinity has the potential to reduce national rice production significantly as rice is one of the most salt-sensitive crops (Maas & Hoffman, 1977; Munns & Tester, 2008) . Agronomic measures such as improving field drainage, maintenance of 2 − 3 cm of standing water throughout the growing period, crop establishment by transplanting (Sirisena & Herath, 2009 ) and application of organic manure (Gamage et al., 2009) can alleviate the adverse effects of soil salinity on the productivity of rice. However, identification of tolerant germplasm and breeding for salt-tolerance would be a better long-lasting solution to combat the growing threat of salinity. This is especially important for the Sri Lankan rice industry as national food security is intimately linked to the national rice production being able to keep abreast with the increasing population-driven demand. Therefore, identification of salt tolerant varieties with underlying tolerant mechanisms from the Sri Lankan rice germplasm with a view of using them in future breeding programmes is important. Blumwald and Grover (2006) identified two principal genetic approaches to the development of salt tolerant crop varieties: (a) exploitation of natural genetic variation within the germplasm of a crop species either through direct selection in saline environments or identification of quantitative trait loci (QTLs), which can subsequently be used with marker-assisted selection (Flowers et al., 2000; Koyama et al., 2001) ; (b) production of transgenic crop varieties by introducing new genes for salt tolerance or by altering the expression levels of existing genes (Borsani et al., 2003; Munns, 2005; Blumwald & Grover, 2006) . Both these genetic approaches require identification of salt tolerant genotypes/varieties within the germplasm of a given crop species. The Sri Lankan rice germplasm consists of more than 3000 accessions or varieties including about 2000 traditional types with too many repetitions and introductions from other countries with, close to 300 improved varieties that have been developed through plant breeding programmes initiated by the Sri Lankan Department of Agriculture from 1950s onwards, and about 800 unknown varieties (Dhanapala, 1996) .
Development of salt tolerant varieties through conventional plant breeding would only require identification of relatively salt tolerant genotypes that can be used as parents in a breeding programme. However, molecular-based plant breeding requires not only identification of tolerant genotypes, but also elucidation of their mechanisms of tolerance, which could then lead to identification of genes responsible for those mechanisms. Finding new genes for salt tolerance requires precise phenotyping (Munns et al., 2006) , which means genotypes/varieties with demonstrated tolerance to salinity. The two-phase model as proposed by Munns (1993) and subsequently modified by Sümer et al. (2004) and Munns and Tester (2008) , provides a physiological basis to identify salt tolerant varieties and their mechanisms of tolerance. This model, which has been validated through experimental data (Fortmeir & Schubert, 1995; Munns et al., 1995) , predicts that plants response to salt stress occurs in two distinct phases: (a) an initial phase (Phase I) of osmotic stress caused by reduced water uptake due to excess salts in the external soil solution, which is followed by; (b) the second phase (Phase II) of salt ion toxicity due to excess salts within the cells, tissues and organs. Accordingly, tolerance during Phase I of salt stress should include mechanisms to maintain tissue water status and thereby avoid the adverse effects of water stress on cellular processes and plant growth (i.e. osmotic tolerance). In contrast, tolerance in Phase II requires mechanisms to exclude excess salt ions from plant tissues, especially the young leaves and growing tissues (Flowers & Yeo, 1986; Munns, 2002; Tester & Davenport, 2003) , mechanisms to sequester excess salts (Tester & Davenport, 2003) in the vacuole (Flowers & Yeo, 1988; Neumann, 1997; Munns et al., 2006) or salt glands (Flowers et al., 1990; Glenn et al., 1999; Marcum, 1999) away from the cytoplasm where important physiological processes take place. Capacity for K + /Na + discrimination and maintain ion homeostasis (i.e. maintenance of K + :Na + ratio within favourable limits) (Jeschke, 1984; Gorham, 1993; Munns et al., 2000; Koyama et al., 2001) and increased tissue tolerance to excess salts are further mechanisms that may confer salt tolerance during Phase II (Cheeseman, 1988; Yeo et al., 1990) . While the initial two-phase model of Munns (1993) predicted only osmotic stress as induced by tissue water shortage to be present during Phase I, subsequent measurements (i.e. Sümer et al., 2004) showed that salt ion toxicity could also be operating during Phase I, especially in salt-sensitive crops such as rice and maize.
Several mechanisms could contribute to confer tolerance to osmotic stress during Phase I. Capacity to maintain tissue water content thereby maintaining celluar turgor could prevent initial growth reductions caused by loss of turgor (Munns, 2002) . Maintenance of tissue water status could also prevent abscisic acid (ABA)-induced longer term growth reductions (De Costa et al., 2007) . Salt-stress induced reductions in cellular growth have been shown to occur due to altered cell wall properties, namely, decreased cell wall extensibility (Cramer & Bowman, 1991; Neumann, 1993 ) and increased yield threshold (i.e. the minimum turgor pressure required for cell expansion) (Cramer & Bowman, 1991; Pritchard et al., 1991) . Therefore, the capacity to minimize the reduction of cell wall extensibility and the increase of yield threshold would minimize growth reduction during Phase I and thereby contribute to osmotic stress tolerance. As salt ion toxicity could also be operating during Phase I, mechanisms to tolerate ion toxicity such as salt exclusion, intracellular compartmentalization in the vacuole and increased tissue tolerance to excess salts would also contribute to Phase I salt tolerance (Tester & Davenport, 2003; Munns & Tester, 2008) . Alternatively, atleast part of the excess salts that accumulate in tissues during Phase I could play a role in osmotic tolerance by contributing to turgor maintenance via osmotic adjustment (Greenway & Munns, 1980; Munns & Tester, 2008) . Thus, the objectives of the present study were: (a) to screen a substantial number (at least 100) of varieties from the Sri Lankan rice germplasm and thereby identify varieties with osmotic and ionic tolerance during Phase I of salt stress development; and (b) to identify the physiological mechanisms that are responsible for osmotic and ionic tolerance. DoA, Gannoruwa, Sri Lanka. Those varieties, which gave indications of possible salt-tolerance based on information gained from traditional rice farmers and also the varietal names were selected. In addition, all traditional varieties that are currently being cultivated, eventhough in small extents by a limited number of farmers, were selected for screening. The traditional varieties are low-yielding (i.e. < 1 t ha -1 ) and have a tall plant type with drooping leaves. Most of them are photoperiod-sensitive and almost all of them are susceptible to all major rice diseases present in Sri Lanka such as blast, bacterial leaf blight and sheath blight, while being less responsive to added inorganic nitrogen fertilizer (Abeysiriwardena, 2010) .
The 'old-improved' varieties are a group of varieties, known in Sri Lanka as the 'H-series', that were developed in the 1950s and 1960s by improvement of the traditional varieties. The old-improved varieties also have a tall plant type with droopy leaves, but are moderately-resistant to the rice blast disease. They are less photoperiodsensitive, more nitrogen-responsive and higher yielding (3 -4 t ha -1 ) than the traditional varieties.
The 'new-improved' varieties are the post-green revolution varieties that were developed during the period from late-1960s onwards. They are highyielding (8 -10 t ha -1 under optimum conditions), photoperiod-insensitive and have a dwarf plant type with comparatively more erect leaves. They are also highly responsive to added inorganic fertilizer and are resistant to major rice diseases such as rice blast and leaf blight. All the currently-recommended new-improved varieties were included in the present experiment.
Experimental location, plant culture and experimental treatments
All 10 rounds of experiments were conducted in a rainsheltered, ventilated planthouse at the Agricultural Biotechnology Centre, University of Peradeniya, (latitude 7 o 15' 47 N, longitude 80 o 36' 10 E, altitude 496 m above sea level). Plants were grown hydroponically in aerated nutrient solutions (Yoshida et al., 1972) . In all 10 rounds of experiments, seed germination, preparation of nutrient solutions and seedling establishment and plant management were done using the protocol described in De Costa et al.(2012) . Briefly, seeds were germinated with moist filter paper and transferred to ¼ strength nutrient solutions in 3 L pots 01 wk after germination. Strength of the nutrient solution was increased in 25 % steps up to full strength at 2 d intervals.
In each round, the experimental treatment structure was a two-factor factorial with rice varieties and salt treatments being the two treatment factors. There were two salt treatments as 1 mM NaCl (un-stressed control) and 100 mM NaCl (salt-stress). Previous work as reported by De Costa et al. (2012) showed 100 mM Na + to be the optimum level of salt stress for screening rice germplasm for salt tolerance during the two phases of salt stress development. The experimental design was a completely randomized design with two replications. Each replicate of each variety had 09 plants. Salt treatments started a week after giving the full strength nutrient solution. The control treatment was maintained at 1 mM NaCl throughout. The salt-stress treatment started at 25 mM NaCl and was increased up to a final concentration of 100 mM in 25 mM steps at 2 d intervals.
Measurements
All measurements were carried out 24 h after increasing the salt concentration up to 100 mM Na + . This was 20 d after transferring the 7 d old seedlings to nutrient solutions. Therefore, plant sampling and measurements in all varieties fell within the vegetative phase of the rice plant (i.e. between germination and panicle initiation).
Plant growth:
In order to ensure that plant growth is measured during Phase I of salt stress development, as determined by De Costa et al. (2012) , growth was measured 24 h after increasing the salinity up to 100 mM NaCl. Areas of the youngest fully expanded leaf and the next expanding leaf on the main culm were measured nondestructively in the control and salt-stressed treatments. Leaf area was estimated as 0.5 (leaf length × leaf width). A destructive sample of three plants was taken from each pot and their fresh and dry weights were measured.
Relative water content (RWC):
Relative water content of the whole plant (RWCpl) was measured as the ratio between the plant water content (i.e. the difference between whole plant fresh and dry weights) and the respective whole plant dry weight. Similarly, shoot (leaf + culm) relative water content (RWCsh) was calculated by dividing the shoot water content (i.e. the difference between shoot fresh and dry weights) by the respective shoot dry weight.
Na
+ concentration in shoot and root: During sampling, the youngest fully expanded leaf and the next expanding leaf of the main culm and the root system were separated, dried and ground into a powder for Na + analysis. Shoot Na + concentration was measured on the youngest fully expanded leaf and the next expanding leaf of the main culm while root Na + concentration was measured taking the entire root system as the sample. Na + ion extraction was done according to the general method for plant samples as described by Van Ranst et al. (1999) . Na + concentration was measured using the flame photometer.
Calculation of the degree of salt tolerance: The degree of salt-tolerance of a given variety during Phase I of saltstress development was quantified in terms of relative leaf area (RL) and relative total dry weight (RW). RL of each variety was calculated as the ratio between the area of the two leaves measured (i.e. the youngest fully-expanded leaf and the next younger leaf) under salt-stress (LAs) and the respective areas of the two corresponding leaves in the control treatment (LAc) (equation 1). Similarly, RW was calculated as the ratio between the total plant dry weight under salt-stress (Ws) and the corresponding total plant dry weight in the control (Wc) (equation 2). Higher values of RL and RW in a given variety would indicate relatively greater salt-tolerance at Phase I.
In order to establish possible relationships with the degree of salt tolerance, relative RWCpl (RRWCpl) was also calculated as the ratio between the respective RWCpl values under salt-stress (RWCpls) and the corresponding RWC in the control (RWCplc) (equation 3).
ൌ ...(3)
Similarly, relative RWCsh was calculated as the ratio between the respective RWCsh values under saltstress (RWCshs) and the corresponding RWCsh in the control (RWCshc) (equation 4).
ൌ ...(4)
Quantification of Na + exclusion from the shoot: Na + exclusion from the shoot can occur at two points in its pathway from the soil solution to the leaves of a plant (Schubert & Läuchli, 1986 . Part of the excess Na + in the external medium can be excluded at the root surface and thereby can be prevented from entering the root. Therefore, root Na + concentration (RtNa) in the saltstressed treatment is a measurement of the degree of Na + exclusion at the root surface. In addition, Na + that has already entered the root can be prevented from reaching the shoot by being excluded from the root xylem at the xylem parenchyma. Accordingly, the ratio between shoot and root Na + (ShNa:RtNa) would constitute a measurement of the degree of Na + exclusion from the shoot at the root xylem parenchyma. ShNa:RtNa was calculated as,
A higher ShNa:RtNa ratio would indicate a lower degree of Na + exclusion at the root xylem parenchyma and vice versa.
Pooling of growth data from different rounds of experimentation:
Although all experimental rounds were conducted within a rain-sheltered planthouse at the same location, the meteorological conditions, in terms of maximum and minimum temperatures, solar radiation and pan evaporation rate, that were prevailing during different rounds of experimentation showed a certain degree of variation (reported later in the present paper). Therefore, there was a need to standardize the calculated RL and RW values before the data from different rounds of experimentation could be pooled and compared. Accordingly, all values of RL and RW of each variety were standardized by the corresponding values of At354 in the respective rounds. Therefore, the respective standardized relative growth parameters, RLst and RWst of a given variety, i, were calculated as follows (non-existence of variety x meteorological condition interaction effect was assumed);
The standardized relative growth parameters, as calculated by equations 5 and 6, of all varieties tested over 10 rounds of experimentation were pooled to be used in the data analyses for varietal classification based on salt-tolerance.
In contrast to growth measurements, which were highly influenced by the prevailing environmental conditions in the different rounds of experimentation, relative RWC and shoot and root Na + concentration data were largely determined by the respective salt concentrations in the two experimental treatments (i.e. 1 and 100 mM Na + ), which did not vary between different rounds of experimentation. Therefore, there was no need to standardize the relative RWC and Na + concentration values in different rounds of experimentation. If at all, variations in environmental conditions would have only a minor influence on these two variables.
Data analysis

Analysis of variance:
The variety, salt treatment and variety x salt treatment interaction effect on standardized relative growth parameters, relative water content and shoot and root Na + concentrations were tested for significance by analysis of variance (ANOVA). Means were separated using the Duncan's Multiple Range Test.
Cluster analysis:
The primary objective of the present study was to classify the rice varieties that were screened into distinctly different groups based on their degree of salt-tolerance during Phase I of salt-stress development. This classification had to be done based on more than one measure of relative salt-tolerance such as the standardized relative leaf area (RLst) and standardized relative total dry weight (RWst). Cluster analysis (SAS Institute, 2008) was used for this purpose. Thus, 'Proc Cluster' procedure of the statistical software SAS (Version 8e) was used with 'method = complete' using RLst and RWst as the variables for clustering. Multivariate analysis of variance (MANOVA) was used to determine whether different clusters were significantly different based on the four multivariate test statistics (i.e. Wilks' Lambda, Pillai's Trace, Hotelling-Lawley Trace and Roy's Greatest Root) that are calculated by SAS.
Percentile points in the frequency distributions:
In order to classify the varieties based on the magnitudes of their relative water content and root and shoot Na + concentrations, percentile points of frequency distributions of varietal means of RWCpl, RWCsh, RRWCpl, RRWCsh, ShNa, RtNa and ShNa:RtNa ratio were obtained using the SAS procedure 'Proc Means'.
RESULTS
Meteorological conditions during the different experimental rounds
Average meteorological conditions that prevailed during the 10 rounds of varietal screening are shown in Table 2 .
All temperatures (i.e. maximum, minimum and mean) remained within a range of 2 o C in all 10 rounds of the experimentation. Mean RH showed a wider range of variation from 66 % in round 6 to 80 % in round 1. With the exception of round 6, mean sunshine duration varied by about 1 hour among the rest of the experimental rounds. Pan evaporation rate, which reflects the net effect of temperature, RH and sunshine duration varied from 2.61 mm d -1 in round 4 to 4.70 mm d -1 in round 2. Number of days after transplanting at which 50 % tip burn of the youngest fully-expanded leaf was observed in the variety At354 (T 50 ) varied appreciably, between 45 days in round 3 and 63 days in round 8. The variation in meteorological conditions during the different rounds of experimentation could have influenced T 50 , which can be considered as an index of the rate of salt-stress development. However, the absence of any significant correlations between T 50 and any of the meteorological variables (data not shown) indicate that the influence of meteorological conditions on varietal response to salinity in different rounds was not systematic.
Plant growth during Phase I of salt-stress development
Leaf area
When the data obtained during Phase I (i.e. 24 hours after increasing salt stress up to 100 mM Na + ) from all 10 rounds of experimentation were analyzed, area of the two measured leaves showed highly significant (p < 0.0001) variation between varieties under both salt-stress and control treatments within each round ( Table 3 ). The significant varietal variation of leaf area in the nonstressed control treatment (LAc) reflected the inherent variation in growth capacity of the tested varieties under optimum growing conditions (i.e. with adequate nutrients, but without excessive salts). On the other hand, the significant varietal variation of leaf area in the saltstressed treatment (LAs) was caused by a combination of the varietal variation in salt-tolerance and the inherent varietal variation in growth capacity. Most of the varieties that showed high LAs were traditional and old-improved varieties, with Nona Bokra, Seeraga Samba, Dick Wee and H4 showing the highest values. Among the newimproved varieties, At401, Bw452, At48-3 and At86-1 had higher LAs. When the data under stressed conditions for all varieties were adjusted using the control, the relative leaf area (RL) also showed highly significant (p < 0.0001) variation between varieties (Table 3) . RL of the standard check variety, At354, varied from 0.69 (in round 1) to 0.90 (in round 6) (Figure 1.a) . This variation of RL was found to be statistically significant at p < 0.05 based on the confidence limits in each round. Running an ANOVA on pooled data of At354 over different rounds was not allowed due to error heterogeneity among rounds. This was primarily due to the high coefficient of variation (CV = 27 %), which indicated the high within round variation of RL. Further analysis showed that mean leaf area of At354 in both the non-stressed control (LAc) and the salt-stressed treatment (LAs) showed a significant (p < 0.05) variation between different rounds of experimentation (data not shown). Furthermore, the two other varieties, which were grown in more than one experimental round (Table 1) , i.e. Pokkali (in rounds 1, 2 and 3) and Devaraddiri (in rounds 7 and 10), also showed significant (p < 0.05) variation in their respective RL between different rounds of experimentation (Figures 1.b and c). Pokkali and Devaraddiri also showed a highly significant (p < 0.0001) variation in their LAc and LAs between different rounds (data not shown). Therefore, despite the absence of significance betweenround variation of RL of At354, the RL values of all 102 varieties of the 10 different rounds of experimentation were standardized with the RL of At354 in the respective round.
Variation of the mean standardized relative leaf area (RLst) for the entire set of varieties screened is presented in Pan Evap. -Pan evaporation rate; ‡ ‡ T 50 -Number of days after transplanting at which 50 % tip burn of the youngest fully-expanded leaf was observed in the variety At354. which were greater than 1, showing that they had RL values, which were greater than the RL of At354. This indicated that leaf area growth of these varieties had a higher degree of tolerance to osmotic stress, which is the principal stress during Phase I of salt-stress development. The traditional rice variety, Kottiyaran, showed a substantially higher RLst than all other varieties, from which Bg450 and Tetep also showed RLst values greater than 1.2. Out of the 38 varieties, which had RLst > 1, there were 21 traditional varieties (out of the 51 tested), 2 old-improved varieties (out of 4) and 15 new-improved varieties (out of 47).
Total dry weight per plant
When the data obtained at Phase I from all 10 rounds of experimentation were analyzed within a round, the total plant dry weight showed a highly significant (p < 0.0001) variation between varieties under both salt-stress and control treatments within each round (Table 3) . A higher total plant dry weight under salt-stress (Ws), indicates a combination of salt-tolerance and inherent genetic capacity for higher biomass growth. The varieties that had the highest Ws were Hetada Wee, Bg357, Bg305, Periyakarappan, Bg250, Suwandel and At86-1, which showed an approximately equal distribution between traditional and new-improved varieties. When the data for all varieties were pooled, the relative total dry weight (RW) also showed highly significant (p < 0.01) variation between varieties ( round 4 (Figure 2 .a). This variation was found to be statistically significant at p < 0.05, based on confidence limits in each round. Running an ANOVA on pooled data of At354 over different rounds was not allowed due to error heterogeneity among rounds. Notably, Pokkali and Devaraddiri, the two other varieties, which were tested in more than one experimental round, showed significant (p < 0.05) between-round variation in RW ( Figures  2.b and c) . Furthermore, total plant dry weights of all three varieties showed a significant (p < 0.05) variation between different experimental rounds under both unstressed and salt-stressed conditions (data not shown). Therefore, RW of the different rounds was standardized with the respective RW of At354 in each round.
Variation of the mean standardized relative total dry weight (RWst) for the entire set of varieties screened is presented in Table 4 . Altogether 34 varieties had RWst values, which were greater than 1, showing that they had RW values, which were greater than the RW of At354. This indicated that the biomass growth of these varieties had a higher degree of tolerance to osmotic stress, which is the principal stress during Phase I of salt-stress development. The traditional rice variety, Pola Al, and the new-improved variety, At303, showed substantially Table 4 ) and squares identify the main clusters. a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a a n n n n n n n n n n n n n n n n n n c c c c c c c c c c c c c c c c c c c c c e e e e e e e e e e e e e e e e e e e e
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Classification of varieties based on their degree of salinity tolerance at Phase I of salt-stress development
Cluster analysis based on RWst and RLst identified four main clusters ( Figure 3 and Table 4 ). Within each of clusters 1, 2 and 3, only two sub-clusters could be identified. Cluster 4 had no sub-clusters. Multivariate analysis of variance (MANOVA) showed that both main clusters and sub-clusters were highly significantly different (p < 0.0001), with all four multivariate test statistics showing the same level of significance (i.e. p < 0.0001).
The main clusters and sub-clusters enabled a clear classification of varieties based on their degree of salttolerance during Phase I ( Table 4 ). Varieties that could be classified as 'tolerant' were grouped into main cluster 2. Within this main cluster, the sub-cluster 2 contained six varieties, which could be categorized as 'highly tolerant' as both RWst and RLst had values, which were greater than 1, with RWst having values, which were substantially greater than 1. This sub-cluster contained two traditional (i.e. Hetada Wee, Pola Al), one old-improved (i.e. H9) and three new-improved varieties (i.e. At303, Bg350 and Bg450). Sub-cluster 1 of the main cluster 2 contained 25 varieties, which could be categorized as 'tolerant', with all RWst values being greater than 1, but not as high as those in the 'highly tolerant' sub-cluster. Majority of the 25 varieties within the 'tolerant' group had RLst values, which were greater than 1. This sub-cluster consisted of 13 traditional varieties and 12 new-improved varieties and included the known salt-tolerant varieties Pokkali and Nona Bokra. The traditional varieties Devaraddiri and Kuruluthuda, which are also known among farmers as relatively-tolerant, clustered into this group. The newimproved varieties in this sub-cluster included those from all maturity groups ranging from 2 ½ months (Bg750) to 4 months (Bg380 and Bg400-1).
Varieties that were grouped into two sub-clusters of the main cluster 1 could be categorized as 'moderately tolerant' as the majority of them had RLst and/or RWst values, which were close to one. All varieties in the subcluster 1, which were classified as 'moderately tolerant group 1', had RLst values greater than 1, but had RWst values lower than 1. This sub-cluster contained 11 varieties consisting of 7 traditional, 1 old-improved and 3 new-improved varieties. In comparison, only a few varieties that were clustered into sub-cluster 2 of the main cluster 1 had RLst or RWst values greater than 1. Varieties in this sub-cluster included At354, which has been used as the standard salt-tolerant variety in the present study. This sub-cluster, termed 'moderately tolerant group 2' included 21 varieties consisting of 9 traditional, 1 oldimproved and 11 new-improved varieties. (Figure 3 ). ‡ -Standardized relative leaf area at 100 mM Na + ‡ ‡ -Standardized relative total plant dry weight at 100 mM Na
significant in six and five rounds, respectively. RWCpl showed significant (p < 0.05) reductions under salt stress in comparison to the unstressed control in 08 out of the 10 rounds of experimentation (Table 5) , while RWCsh showed such significant reductions in six rounds. The frequency distributions of RWCpl and RWCsh showed that the respective percentile points under salt stress were always lower than their corresponding percentile points in the control (Table 6 ).
The relative RWCpl (RRWCpl, i.e. the ratio between RWCpl under salt stress and control) showed a significant (p < 0.05) variation among the 102 rice varieties tested (Table 7) . The RRWCpl values ranged from 0.244 (in Pokuru Samba) to 1.041 (Bg352). Only three varieties (i.e. Bw351, Bg94-1 and Bg352) had RRWCpl values, which were greater than 1, indicating that the majority of varieties experienced a water shortage during Phase I of salt stress that was imposed in the present experiment. Similar to relative RWCpl, the relative RWCsh (RRWCsh, i.e. the ratio between RWCsh under salt stress and control) also showed a highly significant (p < 0.001) variation among varieties. RRWCsh ranged from 0.091 (Kottiyaran) to 1.119 (Sinna Karuppan), with 10 varieties showing values greater than 1. The percentile points in the respective frequency distributions of RRWCpl and RRWCsh are presented in Table 6 . At the lowermost percentile points (i.e. 5 th , 10 th and 25 th ), RRWCsh values were considerably lower than the respective RRWCpl values. This meant that in the Main cluster 3 contained varieties, which could be categorized as 'susceptible'. Two sub-clusters could be identified within this main cluster as well. One subcluster (sub-cluster 2), which included varieties that were classified as 'susceptible group 1' had RLst values greater than 0.8, but RWst values lower than 0.8. This sub-cluster contained 13 varieties including the known salt-susceptible variety IR29. The 12 varieties consisted of 7 traditional, 1 old-improved and 4 new-improved varieties. The other sub-cluster of main cluster 3 (i.e. sub-cluster 1) contained varieties, which had both RLst and RWst below 0.9. This sub-cluster was termed 'susceptible group 2' and included 18 varieties consisting of 7 traditional and 11 new-improved varieties.
Main cluster 4 contained 8 varieties, which had the lowest values of both RLst and RWst and were classified as 'highly susceptible'. This cluster consisted of 5 newimproved and 4 traditional varieties. Within this main cluster, the new-improved variety IR8 had an extremely low RWst value.
Whole plant and shoot relative water content
For both whole plant (RWCpl) and shoot (RWCsh) the relative water content, the variety × salt treatment interaction effect was found to be significant only in two experimental rounds, so that differential response of different varieties was evident only in these two rounds. The main effect of varieties on RWCpl and RWCsh were , RRWCsh values were considerably greater than the respective RRWCpl values. This indicated that the varieties that were able to maintain their plant water content during Phase I did so predominantly by maintaining the water content of their shoots rather than in roots.
Correlations between RWC and measures of salt tolerance during Phase I of salt stress development
There was a highly significant positive correlation between RRWCpl and RRWCsh (Figure 4) . With the exception of two weak correlations involving RRWCsh, whole plant and shoot RWCs did not show significant (p = 0.05) correlations with any measures of salt tolerance during Phase I (i.e. standardized or non-standardized relative total dry weights or relative leaf area). Even the two correlations involving RRWCsh, which were statistically significant, had very low correlation coefficients (i.e. 0.204 and 0.220) indicating a very low strength of the respective relationships with a high degree of scatter of data points (i.e. varieties). This also indicated the absence of a common mechanism of salt tolerance, which encompassed all the rice varieties that were tested in the present study. Therefore, the possible role of whole plant and shoot relative water contents in conferring salt tolerance during Phase I had to be elucidated by examining the respective relative water contents of individual varieties along with their respective tissue Na + concentrations, which provided indications about their capacities for Na + exclusion.
Shoot and root Na + concentrations
When the data for all 10 rounds of experimentation were pooled, shoot and root Na + concentrations (i.e. ShNa and RtNa) showed a highly-significant variation between different varieties (p < 0.0001) and salttreatments (p < 0.0001). In each of the varieties, ShNa and RtNa were significantly greater under salt-stress (i.e. at 100 mM NaCl) as compared to the respective un-stressed control (i.e. 1 mM NaCl). In addition, the variety × salt treatment interaction effect was also highlysignificant (p < 0.0001). This indicated that the respective magnitudes of increases of ShNa and RtNa due to saltstress were highly-significantly different among the 102 varieties tested in the present study. The respective ranges of ShNa and RtNa under salt-stress and control are presented in Table 8 . The frequency distributions of ShNa and RtNa showed that both variables had substantially greater values under salt stress than in the control at all percentile points (Table 6 ). The highly significant (p < 0.0001) varietal variation in RtNa in both salt-stressed and un-stressed treatments showed that the varieties differed in their capacity to exclude Na + at the root surface by preventing Na + from entering the root tissue. RtNa was significantly (p < 0.0001) greater than ShNa under both salt-stressed and un-stressed conditions ( Table 9 ), indicating that the root was able to exert a certain degree of control on Na + transfer to the shoot. However, the variety × plant part interaction effect on root and shoot Na + concentrations was highly significant (p < 0.0001), thus demonstrating significant varietal variation in excluding Na + from the shoot. The ratio ShNa:RtNa, which is a measurement of the capacity of a given variety to exclude Na + from the shoot, showed a highly significant (p < 0.0001) variation between varieties and salt treatments. Interestingly, the mean (i.e. averaged across all 102 varieties) ShNa:RtNa ratio at 100 mM Na + (0.611) was significantly lower than that at 1 mM Na + (0.854). The frequency distribution of ShNa:RtNa ratio also showed that it was always lower at 100 mM Na + than at 1 mM Na + (Table 6 ). This indicated a greater capacity for Na + exclusion from the shoot when the plants are growing under a higher level of salinity. Conversely, the need for Na + exclusion from the shoot is lower when the plants are growing under very low levels of salinity, thus allowing a greater proportion of Na + absorbed by the root to reach the shoot resulting in a higher ShNa:RtNa ratio. However, there was a highly significant (p < 0.0001) variety × salt treatment interaction effect on ShNa:RtNa ratio, showing a significant variation between different rice varieties in their capacity for excluding Na + from the shoot. This was confirmed by the highly significant (p < 0.0001) varietal variation in ShNa:RtNa ratio at 100 mM Na + , which ranged from 0.169 (in Nona Bokra) to 2.253 (in H9) ( Table 7) . Linear correlation analysis showed that the varietal means of ShNa:RtNa ratio at 100 mM Na + (i.e. in the salt stressed treatment) had highly significant (p < 0.01) negative correlations with relative leaf area (RL) and the standardized relative leaf area (RLst) ( Table 10) . As RL and RLst were the measures of salt tolerance (greater values indicating greater tolerance and vice versa), the above negative correlations meant that increasing the salt tolerance at Phase I required a lower ShNa:RtNa ratio (which indicate greater Na + exclusion from the shoot at the xylem parenchyma). Although shoot Na + concentration at 100 mM Na + also had significant or nearly significant negative correlations with RL and RLst, the correlation coefficients were lower than in the corresponding correlations with ShNa:RtNa. Interestingly, root Na + concentration at 100 mM Na + did not show significant correlations with any of the measures of salt tolerance. As expected, ShNa:RtNa ratio under salt stress was significantly positively correlated with the respective ShNa and negatively correlated with RtNa, while the different measures of salt tolerance were highly significantly positively correlated with each other (Table 10 ).
It can be noted that neither the ShNa:RtNa ratio nor ShNa under salt stress were significantly correlated with RW and RWst, which are more representative measures of salt tolerance than RL and RLst, because they measure the response of the whole plant to salt stress rather than just the response of the leaves. Furthermore, even the significant negative correlations between salt-stressed ShNa:RtNa, ShNa, RL and RLst had considerable scatter of data points as indicated by their relatively lower correlation coefficients, all of which were lower than -0.4 ( Figures 5.a & b) . Therefore, although the significant negative correlation between the ShNa:RtNa ratio under salt stress and RL indicated a significant role for Na + exclusion from the shoot at root xylem parenchyma in conferring salt tolerance during Phase I, the considerable scatter in the data points (which represent different RL -Relative leaf area; RLst -Standardized RL; RW -Relative total plant dry weight; RWst -Standardized relative total plant dry weight. Probability of each correlation coefficient being equal to zero is given in parenthesis. nsCorrelation coefficient is not significantly different (p = 0.05) from zero. All correlations had 102 data points, which were the varietal means for each variable. ) concentrations and magnitude of growth under salt stress (Fricke, 2004; Hu et al., 2007) or survival under salinity (Yeo et al., 1990) .
Possible mechanisms responsible for salt tolerance during Phase I of salt stress development
Based on the two-phase growth model of Munns (1993) and Munns and Tester (2008) , three possible mechanisms can be identified as being responsible for salt tolerance during Phase I. Firstly, maintenance of higher relative water content under salt stress may confer salt tolerance during Phase I where water shortage is the principal stress factor. Secondly, Na + exclusion, both at the root surface and at the root xylem parenchyma, which would lead to a lower shoot Na + content under salt stress, could contribute to Phase I salt tolerance as Na + ion toxicity could also be present even at Phase I (Sümer et al., 2004; Munns & Tester, 2008) . Thirdly, tissue tolerance of excess shoot Na + could also play a role in Phase I salt tolerance. The presence or absence of the above mechanisms of salt tolerance was elucidated by examining the respective relative water contents and shoot and root Na + concentrations of individual varieties.
In classifying the extent of different mechanisms of Phase I salt tolerance, the percentile points of the frequency distributions of the relevant variables were used. The capacity to maintain plant and shoot water content under salt stress in the 102 varieties was classified as 'high', 'medium' or 'low' based on the frequency distributions of varietal means of RRWCpl and RRWCsh, respectively. Those varieties having RRWCpl or RRWCsh values greater than the 75 th percentile were classified as having a 'high' capacity for maintenance of whole plant or shoot water content, respectively. Those having RRWCpl or RRWCsh values between the 75 th and the 50 th percentile points were classified into the 'medium' category, while those having RRWCpl or RRWCsh values lower than the 50 th percentile were classified into the 'low' category. The respective capacities for Na + exclusion at the root surface and root xylem parenchyma were classified as 'high', 'medium' or 'low' using the frequency distributions of RtNa and ShNa:RtNa ratio, respectively (Table 6 ). Here, the varieties having RtNa and ShNa:RtNa values, which were lower than the 25 th percentile were categorized as having 'high' capacities for Na + exclusion. Those having RtNa and ShNa:RtNa values between the 25 th and the 50 th percentile points were classified as having 'medium' capacity for Na + exclusion, while those with values greater than the 50 th percentile were classified as having 'low' capacity. The tissue tolerance of excess shoot Na + of a given variety was also classified as 'high', 'medium' or 'low' by comparing its category of ShNa and the degree of overall salt tolerance of the variety as classified based on cluster analysis (Table 4) . For this purpose, ShNa was also classified as 'high', 'medium' or 'low' based on the same ranges of percentiles as those used for classifying RRWCpl and RRWCsh. The decision scheme for classifying varieties based on their tissue tolerance of excess shoot Na + is given in 
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Journal of the National Science Foundation of Sri Lanka 40(3) Table 12 gives the overall picture of different mechanisms of salt tolerance that could be detected in the 102 individual rice varieties, based on the measurements taken in the present study. Out of the 63 varieties, which were moderately tolerant (MT), tolerant (T) or highly tolerant (HT) to salt stress at Phase I, high or medium capacity for Na + exclusion at the root surface, contributed to the tolerance in 17 varieties, while high or medium capacity for Na + exclusion at the root xylem parenchyma contributed to the tolerance in 18 varieties. High or medium capacity for Na + exclusion, at either of these two points contributed to Phase I tolerance in 33 out of the 63 varieties that showed tolerance. In comparison, tissue tolerance of excess shoot Na + contributed to Phase I salt tolerance in 40 out of the 63 tolerant varieties. High or medium capacity to maintain water content in the whole plant and shoot contributed to Phase I tolerance in 30 and 31 tolerant varieties, respectively (Table 12) . Altogether, 48 out of the 63 varieties showed high or medium capacity for maintenance of whole plant or shoot water content.
Thirty nine varieties out of the 102 tested showed susceptibility to salt stress at Phase I. Out of these 39 varieties, lower capacity for Na + exclusion at the root surface and root xylem parenchyma was responsible for their susceptibility in 18 varieties, each with poor Na + exclusion capacity at either of the two points contributing to the susceptibility of 24 varieties altogether. Low tissue tolerance to excess shoot Na + contributed to Phase I salt susceptibility in 18 varieties, while the low capacity for maintenance of whole plant and shoot water content contributed to susceptibility in 17 and 19 varieties, respectively (Table 12 ).
It is notable that tolerance or susceptibility to salt stress at Phase I could be related to high or low capacities for Na + exclusion in 67 out of the 102 varieties tested. In comparison, high or low tissue tolerance to excess shoot Na + and high or low capacities to maintain whole plant or shoot water contents were related to the Phase I salt tolerance or susceptibility in 58 and 75 varieties, respectively. Out of the 63 varieties that showed Phase I salt tolerance, high or medium capacities in more than one tolerance mechanism contributed to their tolerance in 50 varieties. Similarly, low capacities in more than one mechanism of salt tolerance were responsible for the salt susceptibility of 29 out of the 39 susceptible varieties that were identified.
DISCUSSION
Identified varieties with Phase I salt tolerance
Reduction of leaf and whole plant growth is one of the main observable effects of salt stress during Phase I (Munns & Tester, 2008) and accordingly the capability to minimize growth reductions, as quantified by standardized relative leaf area (RLst) and standardized relative total dry weight (RWst), were used to measure the salt tolerance in the phase I of this study. Coloured boxes contain the mechanisms identified as responsible for Phase I salt tolerance or susceptibility of each variety: -High/medium capacity for Na+ exclusion or tolerance mechanisms responsible for salt tolerance at Phase I; -Maintenance of whole plant or shoot water content responsible for salt tolerance at Phase I; -Low capacity for Na+ exclusion or tolerance mechanisms responsible for susceptibility to salt stress at Phase I; -Low capacity for maintenance of whole plant or shoot water content responsible for susceptibility to salt stress at Phase I.
measures have been adopted in several other studies, which investigated Phase I salt tolerance in other crops as well (Fortmeier & Schubert, 1995; Munns et al., 1995; De Costa et al., 2007) . Cluster analysis enabled the use of both RLst and RWst in classifying the degree of Phase I salt tolerance of the 102 rice varieties tested. In a recent comprehensive review, Munns & Tester (2008) stated that significant genetic variation within species may exist in the osmotic response to salinity, but this has not yet been documented. Therefore, the demonstration of significant genetic variation in osmotic tolerance within the rice germplasm is one of the major highlights of the present study.
Under actual field conditions, salt stress in Phase I is likely to occur in fields that are in the early stages of salinity development or in fields that experience transient salinity, particularly during relatively dry periods. These relatively mild levels of salinity could be present either in the top soil or sub soil. The varieties that have been identified as 'highly tolerant' or 'tolerant' in Phase I (Tables 4 and 12 ) can be used straightaway in breeding programmes aimed at developing varieties suitable for areas experiencing relatively mild or transient salinity. The three new-improved varieties in the 'highly tolerant' group (i.e. At303, Bg350 and Bg450), all of which have higher yield potentials as compared to old-improved and traditional varieties, along with other desirable features of tolerance to common pests and diseases, can be recommended for areas of mild or transient salinity. However, the two traditional varieties (Pola Al and Hetada Wee) and the old improved variety (H9), which were in the 'highly tolerant' group cannot be recommended for cultivation because of their comparatively lower yield potentials and susceptibility to major pests and diseases. Alternatively, they can be used in breeding programmes as parents of potential salt tolerant varieties. The considerable number of 'moderately tolerant' varieties can be recommended for cultivation in areas of mild or transient salinity if they possess a high enough yield potential along with other desirable features such as tolerance to pests and diseases, superior grain quality and tolerance to other abiotic stresses such as drought, heat and iron toxicity. The identified 'moderately tolerant' varieties may also be used in breeding programmes if they possess specific desirable features.
The varieties that were identified as 'susceptible' or 'highly susceptible' should not be recommended for areas with mild or transient salinity nor should they be used in breeding programmes aimed at increasing salt tolerance in rice. However, they may be selected for breeding programmes or recommended for fields with comparatively greater or longer-term salinity, if they possess tolerance to salinity during Phase II (i.e. ionic stress tolerance). This will be reported in a subsequent companion paper.
Mechanisms of salt tolerance during phase I
While tolerance to water stress-induced osmotic stress is the major stress factor operating during Phase I, it is highly likely that excess Na + toxicity was also a significant stress factor in this phase. This was evident by the ranges of shoot and root Na + concentrations in the present study that were within the ranges observed for rice (Garcia et al., 1997; Yeo et al., 1999) , wheat (Munns & James, 2003) and maize (Fortmeier & Schubert, 1995; Sümer et al., 2004) growing under salinity. Accordingly, results of the present study showed that maintenance of whole plant and shoot water status as well as mechanisms to avoid (Na + exclusion) or tolerate Na + toxicity (tissue tolerance) contributed to Phase I salt tolerance in the identified rice varieties. One or two of all these mechanisms could be observed in the six varieties that were identified as 'highly tolerant' (Table 12) . For example, Na + exclusion at the root surface was responsible for the high tolerance in At303, whereas Na + exclusion at the root xylem parenchyma was responsible in Bg450. It was only these two varieties among the six 'highly tolerant' varieties that were able to maintain low shoot Na + concentrations. The other four highly tolerant varieties had high shoot Na + concentrations, which indicated that they had high tissue tolerance to shoot Na + . It is possible that part of the excess Na + in the shoot may be acting as active solutes for osmotic adjustment and thereby maintain tissue turgor (Munns & Tester, 2008) . Our observation that salt tolerant rice varieties can have both high and low shoot Na + concentrations agrees with the observations of several other workers (Yeo et al., 1990; Tester & Davenport, 2003; Munns & Tester, 2008) . For example, although H9 had high Na + exclusion capability at the root surface, it could not prevent shoot Na + reaching a high level because of the poor Na + exclusion capability at the root xylem. Therefore, it was the high shoot tolerance to excess Na + and possibly osmotic adjustment that conferred Phase I salt tolerance to H9. In addition to high shoot tolerance to excess Na + , maintenance of whole plant water content contributed to the high Phase I tolerance of Pola Al.
High tissue tolerance to excess shoot Na + was the most prominent mechanism of tolerance (Table 12 ) among the 25 varieties in the 'tolerant' group. Osmotic adjustment using the excess shoot Na + may also have contributed to the observed Phase I tolerance. As in the 'highly tolerant' group, in this group also, capacity to maintain whole plant and/or shoot tissue water content was not a prominent mechanism of tolerance. Only one (i.e. Bg352) out of the 25 tolerant varieties had both whole plant and shoot relative RWCs at high levels. In comparison, eight out of the 25 tolerant varieties and three out of the six highly tolerant varieties had both shoot and whole plant relative RWCs at low levels. On the other hand, the capacity to maintain comparatively higher tissue water content was more prominent in the 'moderately tolerant' group than in the 'tolerant' and 'highly tolerant' groups. Similarly, Na + exclusion was also more prominent in the 'moderately tolerant' varieties than in the 'tolerant' and 'highly tolerant' varieties. Schubert (1999) , as cited in Sümer et al. (2004) , showed that the capacities for Na + exclusion at the root surface and the root xylem in saltstressed maize are genetically distinct. Schubert et al. (2009) demonstrated for maize, that it is possible to combine these two capabilities of Na + exclusion at the two anatomically and genetically distinct sites through conventional breeding to develop varieties with superior Na + exclusion. They also showed that such varieties with superior Na + exclusion capability could then be crossed with inbred lines showing osmotic tolerance to breed salt tolerant maize varieties, which show superior yield performance under saline conditions. This strategy can be adopted to breed new rice varieties with superior salt tolerance using varieties that were identified as having the different mechanisms in Phase I salt tolerance in the present study. Such a breeding programme based on physiological criteria could accelerate the development of salt tolerant rice germplasm in Sri Lanka.
Comparison between traditional and improved varieties in Phase I salt tolerance
Interestingly, Phase I salt tolerance was present in both traditional and improved varieties. There were four improved varieties among the six varieties identified as 'highly tolerant', while 12 improved varieties were among the 25 identified as 'tolerant'. Conversely, both traditional and improved varieties were equally represented among the 'susceptible' and 'highly susceptible' varieties. This indicates that the physiological mechanisms and their molecular genetic basis are present in both traditional and improved varieties. Accordingly, both these varietal groups, particularly the improved varieties with high yield potentials and resistance to major diseases, can be used in breeding programmes aimed at improving Phase I salt tolerance in the Sri Lankan rice germplasm. 
